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"Caldocellum saccharolyticum" is an obligatory anaerobic thermophilic bacterium. A gene from this
organism, designated celB, has been cloned in Eschenichia coli as part of a bacteriophage A gene library. This
gene produces a thermostable cellulase that shows both endoglucanase and exoglucanase activities on test
substrates and is able to degrade crystalline cellulose to glucose. The sequence of celB has homology with both
exo- and endoglucanases described by others. It appears to have a central domain without enzymatic activity
which is joined to the enzymatic domains by runs of amino acids rich in proline and threonine (PT boxes).
Deletion analysis shows that the exoglucanase activity is located in the amino-terminal domain of the enzyme

and that endoglucanase activity is located in the carboxy-terminal domain. There are internal transcriptional
and translational start sites within the gene. The intact gene has been cloned into a temperature-inducible
expression vector, pJLA602, and overexpressed in E. coli. Polyacrylamide gel electrophoresis showed that celB
produced a protein with a molecular weight of 118,000 to 120,000. A number of smaller proteins with activity
against carboxymethyl cellulose and 4-methyl umbelliferyl-o-D-cellobioside were also produced. These are

believed to be the result of alternative translational start sites and/or proteolytic degradation products of the
translated gene product.

The cellulase system comprises three general classes of
enzymes: exoglucanases (P-1,4-D-glucan cellobiohydrolase),
endoglucanases (P--1,4-D-glucan glucanhydrolase), and
P-1,4-D-glucosidase. The first two enzymes depolymerize
cellulose to cellobiose and oligosaccharides, and ,-glucosi-
dase then hydrolyzes these sugars to form glucose (1, 31).
Most studies of cellulase production have centered on the
fungus Trichoderma reesei (1, 31), and several components
of the cellulase system from this organism have been cloned
(4, 20, 40; for a review, see reference 8). Recently, interest
has shifted to cellulolytic bacteria. The thermophilic bacte-
rium Clostridium thermocellum produces highly active and
relatively thermostable enzymes, and several groups have
isolated endoglucanase genes from genomic libraries of this
organism (1, 9, 10, 39). Beguin and his collaborators have
sequenced three endoglucanases from Clostridium thermo-
cellum and found that each of the celA, -B, and -D genes
have a potential signal peptide sequence resembling signal
sequences in gram-positive bacteria, although the peptides
show little similarity to each other. Each of the enzymes
shares a conserved, reiterated domain coding for the car-

boxy terminus of the gene and have recognizable promoter-
like sequences and ribosomal binding sites (3, 15, 18).
Similar results have been reported for celE (17).
The genes cex and cenA from Cellulomonas fimi have

been cloned and sequenced (33, 46). The gene cex encodes
for an exoglucanase, and cenA codes for an endoglucanase.
Each enzyme was shown to be composed of three regions: a

short sequence of Pro-Thr residues, a region of hy-
droxyamino acids that have a low-charge density and are

about 50% conserved, and a poorly conserved region which
includes most of the polypeptide and contains the putative
active site. Warren et al. (44) have proposed that the
nonconserved regions represent the catalytic sites and have
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shown that when the genes cenA and cex are fused geneti-
cally, a hybrid protein is produced which displays the
catalytic properties of both enzymes.

"Caldocellum saccharolyticum" is an extremely thermo-
philic obligate anaerobe which will grow and show cellu-
lolytic activity at 80°C. It is able to degrade cellulose but
showed no homology to Clostridium thermocellum in DNA-
DNA hybridization studies (12). We have constructed a gene
bank of the chromosomal DNA of this organism and have
isolated X recombinants in which the genes for cellulose
breakdown are expressed in E. coli. We have described
previously the isolation and expression of genes coding for
P-glucosidase and a xylanase from "Caldocellum saccharo-
lyticum" (25; 27). These enzymes have remarkable temper-
ature stability; temperature optima for activity are between
70 and 85°C. In this communication we describe the charac-
terization and features of the sequence of a bifunctional
protein that has both endo-P-1,4-glucanase and exo-P-1,4-
glucanase activities and appears to be a naturally occurring
homolog of the gene fusion constructed by Warren et al. (44).

MATERIALS AND METHODS
Bacterial strains. PB1427 is strain C600 thi-J thrAl IeuB6

lacYl supE44 tonA F-. PB2946 is strain JM83 ara A(lac pro)
thi strA lacZAM15 phi80Alac F-. CAG629 is Ion htpR165-
TnJO (Carol Gross, Department of Bacteriology, University
of Wisconsin, personal communication).
Genomic library. Chromosomal DNA from "Caldocellum

saccharolyticum" was isolated and partially digested with
Sau3A. Fragments (10 to 14 kilobases [kb]) were purified and
ligated into BamHI-cut X 1059 (19) or A 2001 (32) and
packaged in vitro. Recombinant DNA techniques were as

previously described (25, 32) with pUC and pBS vectors
(41). Bacterial strains, media, and the preparation of the
size-fractionated thermophilic DNA have been described
previously (25).

Restriction endonuclease mapping of A isolates. BamHI and
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HindlIl restriction maps were made by using the cos end-
labeling method of Rackwitz et al. (34)..

Screening for cellulase-positive cloned fragments. Plaques
or colonies were plated on defined media and incubated at
37°C for 12 h. The plates were overlaid with 0.7% agarose
containing 0.5% carboxymethyl cellulose (CMC) and were
shifted to 70°C for 4 to 12 hours. The E. coli cells lysed and
the active enzyme diffused into the substrate layer in the
plate. CM-cellulase (CMCase) activity was recognized by
zones of clearing after the plates were stained with Congo
Red and destained with 1 M NaCl (43). Exoglucanase
activity was assayed by overlaying colonies or plaques with
0.4% soft agar containing 4-methyl umbelliferyl-p-D-cellobi-
oside (MUC; 30, 43) and observing those plaques or colonies
which fluoresced at 340 nm after 6 h of incubation at 70°C.
Because of the low specificity of this substrate, we have
referred to activity on it as 4-methyl umbelliferyl-p-D-cello-
biosidase (MUCase).

Dideoxy sequencing. The method of Sanger et al. (35) was
used with the single-stranded bacteriophage vectors mpl8
and mpl9 and the universal sequencing primer. Double-
stranded sequencing (5) failed to produce reliable results for
large portions of the thermophilic DNA insert, and so where
possible, deletions in pBS(-) were converted to single-
stranded DNA by infection of the cells with helper phage. A
further six oligonucleotide primers were synthesized for
confirmation of the sequence on both strands.
Enzyme assays. The release of reducing sugars (glucose

equivalents) from the enzymatic hydrolysis of CMC was
determined by the method of Lever (23). Protein concentra-
tions were determined according to the method of Lowry et
al. (26). Exoglucanase activity was determined on partially
purified samples with Avicel as a substrate, and measure-
ment of reducing sugar release was as described above.
Fluorometric assays of activity on MUC were carried out by
the method of Chernoglaznov et al. (6).

Visualization of enzyme activities on gels. The method of
Beguin (2) was modified as followed. Cellular protein (150
jig) was separated on a 7.5% Laemmli gel (21) with 0.2%
CMC included in the separating layer. Sodium dodecyl
sulfate was removed by washing the gel at room temperature
in two changes of a solution containing 10 mM Tris (pH 7.5),
5 mM ,B-mercaptoethanol, and 20% isopropanol. Renatura-
tion of proteins was carried out by rocking the gel overnight
in a solution containing 50 mM Tris (pH 7.5), 5 mM P-mer-
captoethanol, and 1 mM EDTA at 4°C. Subsequently, gels
were soaked in 50 mM sodium phosphate buffer (pH 6.8) for
1 h, transferred to fresh buffer containing 100 ,ug of MUC per
ml, and soaked for a further 2 h at 4°C. Gels were then
transferred onto a glass plate, sealed in film, and incubated at
70°C for 30 min. MUCase activity was visualized as fluores-
cent bands under UV light. Gels were incubated for a further
4 h, stained in 1% Congo Red-5 mM NaOH for 1 h, and
destained overnight in 1 M NaCl-5 mM NaOH. Clear bands
indicate the presence of CMCase activity.

Insertion of the 4.85-kb CMC+ MUC+ fragment into
pBR322: X NZP2 was derived from a plaque that clearly
expressed CMCase and MUCase activity when assayed at
70°C on plates containing CMC and MUC (see Results).
DNA from this phage was mapped for restriction sites. A
BamHI site has been fortuitously restored at the left-hand
end of the inserted DNA (Fig. 1A). X NZP2 was digested
with BamHI, the fragments were ligated into BamHI-di-
gested pBR322, and the resulting mixture was used to
transform strain PB1427 to ampicillin resistance. A 4.85-kb
fragment of "Caldocellum saccharolyticum" DNA was ca-

pable of expressing both CMCase and MUCase activities
with the insert present in either orientation in the vector
(pNZ1026 or pNZ1027).

Cloning of the 4.85-kb CMC+ MUC+ fragmeint in pBS and
deletion analysis. The 4.85-kb BamHI "Caldocellum saccha-
rolyticum" insert of X NZP2 was excised and ligated into
pBS(-) (41) to create pNZ1087 and into pBS(+) to create
pNZ1088. This insert contains the gene designated ceiB. The
orientation was determined with reference to the single PstI
sites in the insert and the vector. The "Caldocellum saccha-
rolyticum" DNA present in pNZ1087 DNA was deleted in
either a rightwards or leftwards direction after appropriate
digestion of purified DNA with exonuclease III and mung
bean nuclease, as described previously (36). Other deletions
were made by using suitable restriction enzyme cleavage
sites.

Construction of recombinant plasmids with the expression
vector pJLA602. The plasmid pJLA602 has the A PL pro-
moter controlled by the X cI857 temperature-sensitive re-
pressor. Induction of the promoter is achieved by raising the
growth temperature from 32 to 42°C (38). Three celB recom-
binants were made by using this vector in strain PB1427. (i)
pNZ1100 is the entire 4.85-kb celB BamHI-BamHI fragment
of X NZP2 inserted into the BamHI site of the vector. This
construction contains the complete open reading frame with
1.2 kilobase pairs of intervening sequence between the PL
promoter of the vector and the start codon of ceiB. (ii)
pNZ1101 is an NdeI deletion of pNZ1100. This construction
deletes 0.9 kilobase pairs of the intervening sequence be-
tween the PL promoter of the vector and the open reading
frame. (iii) pNZ1102 is a Ncol deletion of pNZ1100. This
construction deletes all the intervening sequence and the
coding region for domain A of the putative peptide. This
plasmid was made to locate any alternative start sites within
the open reading frame.

Nucleotide sequence accession number. The complete se-
quence of celB has been determined (37) and is available
from the EMBL Data Library under accession no. X13602.

RESULTS

A Recombinants with CMCase and MUCase activity. X
libraries of "Caldocellum saccharolyticum" were screened
for activities on CMC and MUC substrates. Three pheno-
types were observed: CMC+ MUC-, CMC- MUC+, and
CMC+ MUC+. CMCase activity was assumed to signify that
the recombinants coded for an endoglucanase. MUCase
activity could have occurred as the result of a number of
different enzyme activities. For example, some xylanases
cleave MUC but have no activity on crystalline cellulose
(27). Biochemical analysis of partially purified enzymes from
some of the plasmids constructed from A NZP2 showed that
the CMCase+ phenotype was consistent with ,3-1,4-D-glucan
glucanhydrolase activity and that the MUCase+ phenotype
represented a ,8-1,4-D glucan cellobiohydrolase activity as
determined by using crystalline cellulose (Avicel) as a sub-
strate (Lynly Schofield and R. M. Daniel, University of
Waikato, personal communication). We have used the
names endoglucanase and exoglucanase in the text to de-
scribe these activities.

Restriction enzyme mapping and hybridization studies
showed that some A recombinants overlapped and that more
than one gene coding for endoglucanase was present in
"Caldocellum saccharolyticum," some of which were
closely linked and had nearly identical restriction enzymes
digestion patterns although they were sited in different
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contexts within the genome (Fig. 1A). Preliminary estimates
made by using the celB sequence as a probe suggested that
there were five genes with significant similarity in a random
library in which any gene was present at a probability of
99.9% (8). Of 1,500A recombinants screened in this library,
6A recombinants were scored as CMC+ MUC+ and 3 were

scored as CMC+ MUC-.
Enzyme activities of celB deletion mutants. A series of

subclones and deletion derivatives of celB were tested for
their CMCase and MUCase activities (Fig. 1B). The results
show that the two activities were independent and map the
exoglucanase activity to domain A and the endoglucanase to
domain C. These results are in accord with expectations
from homology comparisons (discussed below). CMCase
activity was expressed by several plasmids which have lost
the ability to hydrolyze MUC; for pNZ1029, which has been
investigated in detail, the temperature optimum (85°C) and
stability of the enzyme (half-life, 29 h at 70°C) were un-

changed from those produced by the undeleted plasmid
pNZ1088. Conversely, deletions of the 3' portion of celB
retained MUCase activity and lost CMCase activity. The
enzyme produced by pNZ1016, similar to that of pNZ1029,
maintains the stability and temperature optimum of the
complete enzyme (Lynly Schofield and R. M. Daniel, per-

sonal communication). The purpose of domain B is less clear
than those of A and C. Deletions into this domain did not
affect MUCase or CMCase activities. However, pNZ1016
(domains A and B present) had activity on Avicel, whereas
pNZ1097 (domain A) had none (data not shown). Quantita-
tive results are unreliable because there were variable forms
of the gene product present in the assay mixture (discussed
below), but this result suggests that the central domain may

be required for activity on insoluble cellulose.
Plasmids pNZ1100 and pNZ1101 were constructed in the

expression vector pJLA602 (Materials and Methods). Unlike
pNZ1100, pNZ1101 was incapable of expression in the
uninduced state. This result indicates that the promoter used
by E. coli lies within the thermophilic insert upstream of the
NdeI site at position 367. However, pBS deletions beyond
that point maintained expression, suggesting that an alterna-
tive promoter is provided by the pBS vector. There are eight
deletions in pBS which extended into the open reading frame
but still expressed CMCase activity. We conclude from
inspection of the sequences of the vector and the deletions
that these are not in-frame fusions with the vector, and
hence a secondary ribosome binding site and start site must

exist between positions 2269 and 3145 (the deletion start

points of pNZ1094 and pNZ1096, respectively).
The plasmid pNZ1102 gave an anomalous result on MUC

when in the induced state. This observation is discussed
below.

Analysis of the DNA sequence. The 4,241-base-pair se-

quence contains one large open reading frame of 3,117 base
pairs which is responsible for coding both enzymatic activ-
ities. The overall GC content is 37%, which is similar to that

found for "Caldocellum saccharolyticum" (34%) (12) and
also for the other sequences published for this organism: the

,-glucosidase gene (38% GC) (24) and a fragment containing

genes involved in hemicellulose degradation (35% GC) (27).

The GC content increases within the large open reading

frame, presumably resulting from constraints enforced in

coding regions. Flanking regions, however, are highly AT
rich with localized areas in excess of 75% A or T. The
sequence upstream of the large open reading frame is dis-

tinctive for its long stretches of A's or T's (37). A Shine-

Dalgarno sequence is appropriately spaced upstream of the
open reading frame.

Analysis of the deduced CelB peptide sequence. The de-
duced CelB peptide is 1,039 amino acids long and has a
calculated nonglycosylated molecular mass of approxi-
mately 118 kilodaltons. The region between amino acids 300
and 600 consists almost entirely of P-sheets, as predicted by
computer analysis (7, 13). A similar observation has been
made in Trichoderma reesei (20), although no clear function
of this structure in cellulases is as yet known.
There are two distinctive domains on the peptide sequence

with successive Pro-Thr repeats, which have been observed
to occur in several other cellulases. These are designated PT
boxes by Langsford et al. (22). The first starts at residue 379
and consists of 43 amino acids, and the second, at residue 583,
is 45 amino acids long. These PT boxes effectively divide the
protein into three major domains designated A, B, and C.
At the amino terminus of the putative peptide is a short

hydrophilic region with charged residues followed by a
longer hydrophobic domain. This sequence is very similar to
leader sequences found in other gram-positive bacteria (28).
At the carboxy terminus of this hydrophobic region is a
sequence which conforms to the rules governing leader
sequence cleavage recognition sites (11).

Similarities between the putative amino acid sequence of
"Caldocellum saccharolyticum" CelB and other known
cellulases are shown in Fig. 2.

Detection of celB gene product. (i) Overexpression of cell.
The three plasmids pNZ1100, pNZ1101, and pNZ1102 are
described in Materials and Methods. Table 1 shows the
MUCase activities of strain PB1427 carrying these plasmids
and grown at 32 and 42°C. These activities are calculated
with respect to the uninduced value for pNZ1100, that is, as
a multiple of the expression from the native promoter.
Activities of induced pNZ1100 and pNZ1101 were similar;
both gave an approximately 40-fold increase in expression as
compared with pNZ1100 at 32°C. pNZ1102 also had consid-
erable activity on MUC despite the fact that this plasmid had
been deleted for domain A. This activity was most likely the
result of activity from domain C. This observation empha-
sizes that MUC is hydrolyzed to various degrees by a broad
range of enzymes and is not a specific substrate for exoglu-
canase. This activity was not detected by plate assays with
pBS constructs, but the high level of expression in pJLA602-
derived plasmids was sufficient to give positive MUCase
results when tested in this way. This accounts for the MUC+
result of induced pNZ1102 (Fig. 1B).

(ii) Activity gels. To visualize the celB gene product in a
background of total cellular protein, MUC and CMC sub-
strates were incorporated into the polyacrylamide gels and
activities of bands were detected directly (see Materials and
Methods). Figure 3 shows the profiles of total cellular
protein of strain PB1427 transformed with the pJLA602
vector pNZ1100 or pNZ1101. MUCase and CMCase activi-
ties were tested in situ for the three strains.
The highest molecular mass band produced by pNZ1100

on the activity gels corresponds to 118 to 120 kilodaltons.
This band is also visible on the Coomassie blue-stained gel
(Fig. 3, arrows), and its size is in good agreement with the
size of the protein calculated from sequence data. The
banding pattern for CMC and MUC was similar for the
high-molecular-weight bands. This reflects the abilities of
both domains A and C to hydrolyze MUC. Differences only
occurred among proteins of lower molecular mass. Bands in
the pNZ1102 lane confirm that initiation of translation oc-
curred with the 5' end of the open reading frame absent. The
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A
53 FMt PAR L DTD MVLKHrISIST PESLLRE STGIT RFUDFFSTNKIGtRGHTLUWHNMT 13
54 RDF DPNLERQYk IRDSEL WDRTEPS .....dSEjGR RURSY FDTGKEL HTLUW 12

4 ~~~~~~~~Proposed act'ves-te4 44

133 D FKDSNGQ1SKK LRRLKQYIYDPJGRYK K YR DUUNE IDENQPDSYRR TWYEIC E HE 121
130 A....RKJG ESAMUNHUTKKSDHFE S YNE.FRDGDGPP.QD 1FQQKLINGRTR R 202

213 F KIHDFGNLtHGIRMI NNWPSUSEIE4SIKLFSSI PEITELHD SLY 291
203 1C GHN SNS LDLfiF DC IiGQUPGDFRQNLQRF..RDLUJDVRITELD[IRMR 280

4 4 44 44I 4 4 44 4 44 4
292 NYGSSENYS PQPLLQPQSP YKEIFTMLKKYKNUUK K0F RSFYGKNDWP FFEDOS PR 371
281 TPSDRTKLRRAF.YKIUI1 CMQU ........ TRCQO.4I PDUFPGEGR WDRSNJ1KPF 351

PT box

372 fS TT SPTPTPT1.VUIJPfTPT1P 400
352 .. PTPT TP .PTPTPT 377

PT box

B

419 GUQL4RNKETNSTTT KU SSSiI UT YL UDGERRLAURUSRQ ITF1F SSUSH 49
351 ENGIJS jQ2RGDGSMNSNQIRQQ K TTNNTTLWRK AKG&D THF KPKQU 42

444 4444I 4 4 4 4
499 GLEGK|SGQID FNK WJSN LWLQfSYGENqK I0 IS 571
430 HDpLELGFKj . .jRS LHN0WSN FFK FKTTK I j I . 498

C 4 4 4 4 I4 44 4 44 4 4 4
625 TK DK G T WIF GTNUFDGUWSCNLKDTLREI SRNIS LSQIL YK 70
37 ID IV IT4 CRERMLLDSYHSDIIADIEL RT LY4WSQG IY.YP 11

I 44444 4I44 4I44 44I
705 PNINJ IUUQTCK KIIINItYDTI 781
117 STDT NJ FMLENFK IKVIElE NQ TTI R 196

4 4H4444 4 444
785 r LKNEP ...PLPQDTTF Di2iNWATcRE 1I UI........ITSKS 85
197 FTNTMKIKFRQS H U F IIWDDETF PWTG 276

4 4 4 4 4 44
855 S Y T| WGGNLRGUK|YPINLGKYQIMKQYPYPS. SKEEpLQ 92
277 N N GNWGGNLRGU PI NLGKYQSQLIYSPHDYGPI G ITRNDEQR YEEE 356

928 R LI EWGG FHLDD..... KMKYLFY1]Et. .HI HTFZF9 TGGL........ ...Y.tFTTW KY 99
357 S LL EWG GTEGHPLLDL LRC+FL YKLHHTFW H TFTRDEGTPFP KWN D 43

991 SF KRQ DSQ ILOHTSKL NNITTY NNEPEPUPrSK 1039
437 N Y TED LDHKI ISISQLSN TPSUTPSP TP 485

FIG. 2. Comparison of "Caldocellum saccharolyticum" CelB protein with other published cellulases. Identical amino acids are boxed.
Conservative changes are labeled with arrows. The top strand in each panel is the deduced peptide sequence from "Caldocellum
saccharolyticum." (A) Comparison with Cex peptide of Cellulomonas fimi. Also indicated are the PT boxes and the proposed active site of
the Cellulomonas protein (28). (B) Comparison with the endoglucanase of Bacillus subtilis (27). (C) Comparison with EGB peptide of
Clostridium thermocellum (15).

highest-molecular-weight band for this plasmid was approx- was not reduced by phenlymethylsulfonyl fluoride or the use
imately 82 kilodaltons. This result is consistent with a of CAG627, a deficient strain for heat shock proteins. If
translational start at a GTG codon at position 2011. proteolysis is involved, then the molecular masses of the

It is as yet uncertain whether the large number of bands fragments are not explained by the proposition that the
was caused by multiple sites for the initiation of translation major sites of attack are in the regions of the PT boxes, as
or by proteolytic degradation. The banding pattern observed suggested by others (22).
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TABLE 1. MUCase activities of strains carrying expression
vector constructions containing the celB genea

MUCase activity at:
Plasmid

32°C 42°C

pNZ1100 1.00 36.0
pNZ1101 0.13 27.8
pNZ1102 0.05 14.4

a Plasmids were tested in the induced and uninduced state and were

assayed as previously described (6). Values were calculated as a fraction of
the celB gene activity controlled by its native promoter (pNZ1100 at 32°C). All
values are corrected for a background activity of the strain carrying the vector
alone. This value becomes significant when MUC is incubated for prolonged
periods at 70'C. Under the conditions described, background activity ac-
counted for 10.5% of the activity value measured for native promoter
expression.

DISCUSSION
The celB gene is novel because of its bifunctional nature,

and it appears to be a natural homolog of the construction
engineered by Warren and his collaborators (44). Domain A
of CelB has 34% homology with the cellobiohydrolase Cex
sequence from Cellulomonas fimi (33). This homology is up
to and including the PT boxes of both proteins. The homol-
ogy gives both proteins a similar hydropathic profile, imply-
ing a similar overall structure.
The Cex peptide and the CenA peptide of Cellulomonas

fimi are split by a PT box into two domains. The C-terminal
domain of Cex has homology with the N-terminal domain of
the CenA protein. The putative protein described here had
homology only with the Cex N-terminal domain. This is
reflected by a lack of detectable similarity between CelB and
CenA.

Miller et al. (29) have suggested a possible active site for
the Cex protein on the basis of the active site of hen egg
white lysozyme. Both Cex and CenA have the required

Coomai e blue remd

FIG. 3. Protein profiles and activity gels of E. coli PB1427

carrying different ceiB recombinant plasmids. Left lanes, pJLA602
vector; center lanes, pNZ1100; right lanes, pNZ1102. The CMC-

Congo Red and MUC activity gels were prepared as described in the

text. The two largest protein bands which are unique to pNZ1100
and which are visible in the Coomassie-stained gel are labeled with

arrows. Molecular mass markers are shown in kilodaltons.

Glu-7x-Asn-6x-Thr consensus (x meaning any amino acid).
Despite the high homology between Cex and CelB in this
region, two of the three essential amino acids are absent at
the corresponding point of CelB, and this consensus cannot
be found elsewhere in the protein. West et al. (45) have also
pointed out that Bacillus and Trichoderma cellulases do not
contain the Glu-7x-Asn-6x-Thr sequences, and they believe
that this identification of the catalytic site of Cellulomonas
fimi is incorrect. Homology of this region with hemicellu-
lase-degrading enzymes is described by Luthi et al. (27).
There is 45% homology between domain B of CelB and the

Bacillus subtilis endoglucanase described by MacKay et al.
(28). This portion of the B. subtilis sequence is outside the
short region in which MacKay et al. noted similarities with
part of the Clostridium thermocellum celB endoglucanase
gene and also outside the area noted as having homology
with a cellulase from Erwinia chrysanthemi and alkalophilic
Bacillus sp. strain N = 4 (16). The homology is with the
C-terminal domain of the Bacillus enzyme and begins close
to the short PT box of this protein. A 51% homology can be
found between the C-terminal domain of "Caldocellum
saccharolyticum" CelB and the EGB endoglucanase of
Clostridium thermocellum (the gene of which is also desig-
nated celB) (16). This region includes the short span of B.
subtilis-Clostridium thermocellum homology described
above but excludes the C-terminal reiterated region present
in both EGA and EGB of Clostridium thermocellum (Fig. 2).

In summary, our results show that the individual domains
were active on artificial substrates and that there was signif-
icant homology with the catalytic domains of other cellulase
sequences. However, there was little sequence similarity
with the binding region of Cex and no homology with CenA.
The central domain had some homology with an endogluca-
nase from B. subtilis, and the third domain showed homol-
ogy with the CelB endoglucanase of Clostridium thermocel-
lum. The amino-terminal portion of the gene also showed
homology with a bifunctional xylanase-,B-xylosidase isolated
from "Caldocellum saccharolyticum" (27). It appears likely
that both xylanase and cellulase activities have evolved from
a common ancestral gene, a conclusion that is supported by
amino acid homology comparisons of West et al. (45) with
other cellulases and xylanases.
Warren and his collaborators have provided evidence that

the PT boxes are sites of glycosylation for CenA and Cex
(14, 22). Degradation of CelB by proteases may be occurring
in E. coli, since in this host it would not be glycosylated.
Work is in progress to express this gene in Saccharomyces
cerevisiae and to determine whether a more stable, glycosy-
lated product can by synthesized. We have not been able to
examine directly the celB gene product from "Caldocellum
saccharolyticum" because of difficulties in isolating it from
the multiplicity of cellulases present in extracts of this
organism (R. M. Daniel, personal communication).

Several cellulase genes have been isolated from "Caldo-
cellum saccharolyticum," and some X CMC+ recombinants
from the gene library do not hybridize to a celB probe (R.
Grayling, unpublished M.S. thesis, University of Auckland,
Auckland, New Zealand, 1990). Clearly "Caldocellum sac-
charolyticum," like other cellulolytic organisms, utilizes a
number of enzyme families to degrade native cellulose. It is
of interest that the deletion mutants carrying one of the
enzymatic domains retain activity. This suggests that celB
may have resulted from a gene fusion, and this may explain
why we have been unable to isolate an exocellulase from our
genomic library of "Caldocellum saccharolyticum."
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